blinded, sham-controlled SPYRAL HTN-OFF MED trial showed significant and meaningful blood pressure reductions in a hypertension population using a revised procedural method. 6 Despite these promising results, uncertainty regarding the efficacy of renal denervation in the setting of concurrent antihypertensive drugs persists. Previous study of renal denervation amidst prescribed antihypertensive treatment has been challenged by variability in drug classes, frequent drug and doses changes, and unpredictable patient adherence 7, 8 (although one of these trials, done open label, did report a significant effect of renal denervation compared with a control in patients receiving antihypertensive drugs). 3 However, whether changes in blood pressure associated with this method of catheter-based treatment are amplified or instead muted by pharmacotherapy is unstudied. Further, estimates regarding the temporal pattern and magnitude of blood pressure change, and comparison of these measures with those recorded in the SPYRAL HTN-OFF MED trial population are only speculative.
In parallel with the SPYRAL HTN-OFF MED study, a trial of similar design was done to assess the application of renal denervation in a setting more representative of clinical practice for which integrating drug and procedural strategies might be anticipated. To this purpose, the SPYRAL HTN-ON MED study 9 aimed to assess the safety and efficacy of catheter-based renal denervation for treatment of moderate, uncontrolled hypertension despite ongoing treatment with commonly prescribed antihypertensive drugs.
Methods

Trial design and patients
SPYRAL HTN-ON MED is a global, multicentre, blinded (patient and assessor), randomised, sham-controlled, proof-of-concept trial in which patients with uncontrolled hypertension were enrolled from 25 clinical centres in the USA, Germany, Japan, UK, Australia, Austria, and Greece. Details of the design have been reported (appendix). 9 In brief, eligible patients (aged 20-80 years) had an office systolic blood pressure between 150 and 180 mm Hg, an office diastolic blood pressure of 90 mm Hg or higher, and a mean 24 h ambulatory systolic blood pressure between 140 and 170 mm Hg. Patients were on one, two, or three standard antihypertensive drugs. Medications were required to be prescribed at 50% or more of the maximum manufacturer's recommended dosage of a thiazide-type diuretic, a dihydropyridine calcium channel blocker, an ACE-inhibitor or angiotensin receptor blocker (ACE-I or ARB), or a β blocker. In Japan, patients could be prescribed less than 50% of maximum manufacturer's recommended dosage of a thiazide-type diuretic per standard of care. The protocol was approved by all local ethics committees and all patients provided written informed consent to participate in the trial. The trial was designed in accordance with the Declaration of Helsinki.
Screening and randomisation
Following patient enrolment, the first screening visit was done to confirm that patients had been prescribed antihypertensive pharmacotherapy without change in dose for a minimum of 6 weeks and met the office blood pressure criteria for inclusion. During the second screening visit patients knowingly underwent drug screening to assess antihypertensive drug adherence using tandem high-performance liquid chromatography and mass spectroscopy of urine and plasma by an independent laboratory. 10 If office blood pressure, measured using an automatic blood pressure monitor (Omron, appendix), remained within the required range (systolic blood pressure ≥150 mm Hg and <180 mm Hg and diastolic blood pressure ≥90 mm Hg) patients underwent 24 h ambulatory blood pressure monitoring
Research in context
Evidence before this study We searched PubMed using the search terms "renal denervation", "hypertension", and "clinical trial" for papers published from Nov 1, 2012, to Feb 1, 2018. 34 clinical trial reports of renal denervation for treatment of hypertension were identified, as well as 46 systematic reviews, consensus statements, or meta-analyses published from Jan 1, 2015, to Feb 1, 2018 . In addition, a search for "renal denervation", "hypertension", and "medication adherence" identified 25 clinical trial reports of renal denervation in the presence of medication adherence assessment.
Added value of this study
This trial addresses the application of renal denervation in a setting representative of clinical practice for which integrating drug and procedural strategies might be anticipated. Although not powered for efficacy endpoints, renal denervation for inpatients receiving medical treatment for moderate, uncontrolled hypertension was safe and associated with significant and clinically relevant reductions in blood pressure measures compared with a sham procedure. The temporal pattern of blood pressure reduction with renal denervation is characterised with progressive reduction through 6-month follow-up.
Implications of all the available evidence
The results of the proof-of-concept study reaffirm the safety and efficacy of renal denervation recorded in previous trials but further extend understanding in the context of medical treatment and with a modified procedural technique. The findings both encourage further study with this method of renal denervation for persistent hypertension despite the prescription of medical treatment, and inform the design and conduct of subsequent trials.
(Mobil-O-Graph; I.E.M GmbH, Stolberg, Germany). Before ambulatory blood pressure monitoring started, study personnel documented pill identity and observed the patient swallowing their antihypertensive medication (directly observed treatment). Ambulatory blood pressure was measured every 30 min. A minimum of 21 daytime (7:00 to 21:59) and 12 night-time (22:00 to 6:59) measurements were required for inclusion in the analysis. The ambulatory blood pressure monitoring could be repeated once if the required number of readings was not reached or the average 24 h systolic blood pressure was between 135-140 mm Hg or between 170-175 mm Hg. Patients who met all inclusion and no exclusion criteria at the second screening visit were scheduled for renal angiogram and, if anatomical suitability was confirmed, proceeded to randomisation.
Patients were randomly assigned (1:1) to receive renal denervation or sham procedure. Randomisation was stratified by trial centre, using block randomisation with a block size of four. SAS-based software was used to generate the lists of randomisation codes and participants were assigned to an intervention by ICON plc via the website.
Patients and selected trial staff were masked to the randomisation allocation. During the procedures (renal angiogram alone or followed by renal denervation) masking was maintained by the use of conscious sedation, blindfolding, music, and patients' lack of familiarity with the procedures. The blinded trial staff did all follow-up visits and the patient's referring or managing physicians were unaware of a patient's treatment assignment. A masking assessment form was completed by patients and the masked blood pressure assessors prior to discharge and at 3 and 6 month followup visits. In accordance with the study protocol, masking of patients and blood pressure assessors was maintained for up to 12 months after randomisation.
Procedures
Details of the renal denervation procedure were identical to those described in the SPYRAL HTN-OFF MED trial. 9 In brief, the Symplicity Spyral multielectrode renal denervation catheter (Medtronic, Galway, Ireland) and the Symplicity G3 renal denervation RF generator (Medtronic, Minneapolis, MN, USA) were used to provide circumferential radiofrequency ablation treatments in a spiral pattern in the four quadrants of the renal artery and branch vessels between three and eight mm in diameter. All cases were done by experienced proceduralists and proctored using detailed treatment plans. The control group received a sham procedure consisting of a renal angiogram and were required to remain on the procedure table for at least 20 min with sensory masking postangiogram to help prevent possible unblinding of randomisation allocation.
Patients returned for office follow-up visits at 1, 3, and 6 months post procedure. All patients underwent urine and blood analysis to assess adherence to their prescribed drugs and staff witnessed patients taking their medication prior to the 24 h ambulatory blood pressure monitoring at 3 and 6 months. Adherence was defined as detectable levels of all prescribed antihypertensive drugs at each follow-up visit and included cases in which an extra antihypertensive medication was also detected. No antihypertensive drug changes were allowed through 6 months unless the escape criteria were met (office systolic blood pressure ≥180 mm Hg or <115 mm Hg with symptoms of hypotension). Blood chemistries, including sodium, potassium, glucose and serum creatinine, were obtained at each follow-up visit. Estimated glomerular filtration rate was calculated using the four variable Modification of Diet in Renal Disease formula or the local Japanese criteria for patients enrolled in Japan. 11 Renal artery imaging using duplex ultrasound was performed at the 6 month office visit. Magnetic resonance angiography (MRA), CT or angiogram was suggested if the duplex ultrasound was deemed non-diagnostic.
Outcomes
The key efficacy endpoint was the blood pressure change from baseline (measured at screening visit two) based on ambulatory blood pressure measurements assessed at 6 months. This endpoint was based on the prespecified requirement for patients to be maintained on the same specified antihypertensive medication regimen through 6 months follow-up. Office and 24 h systolic blood pressure and diastolic blood pressure were measured at 3 and 6 months post randomisation. The change in office and 24 h blood pressure measurements were then compared between the two treatment groups. Office and 24 h heart rate change from baseline was assessed at 6 months. The rate pressure product (RPP) was then calculated by multiplying 24 h heart rate with systolic blood pressure. 12, 13 Safety endpoints included all-cause mortality, end-stage renal disease, new renal artery stenosis larger than 70% (assessed at 6 months), any significant embolic event resulting in end-organ damage, admittance to hospital for hypertensive crises not related to medication nonadherence, new myocardial infarction, new stroke, renal artery re-intervention, major bleeding, major vascular complications, dissections, perforations and increase in serum creatinine higher than 50% from screening assessment. End-stage renal disease was defined as two or more estimated glomerular filtration rate measurements lower than 15 mL per min/1·73 m² at least 21 days apart and requiring dialysis.
Statistical analysis
Like the SPYRAL HTN-OFF MED trial, the current proof-of-concept trial was designed in collaboration with and approved by the US Food and Drug Administration with consideration of the recommendations in the 2014 Scientific Statement by the American Society of Hypertension 14 and by a consortium of investigators 15−17 that suggested a phase 2 type trial in patients with hypertension. In view of the uncertainty regarding the future role of renal denervation for management of hypertension after the results of SYMPLICITY HTN-3, it was decided to proceed with two smaller proof-ofconcept trials that would minimise exposure of patients to an interventional procedure but have the potential to establish sufficient evidence to justify moving to a larger, powered trial. The SPYRAL HTN-OFF MED proof-of-concept trial has been published, and this report represents the primary results of the SPYRAL HTN-ON MED trial. The protocol allowed up to 110 patients to be randomly assigned with prospectively planned interim analyses after 40, 60, and 80 patients completed 3 months follow up, respectively. Because the current study prespecified that patients should be maintained on the same medication regimen through 6 months follow-up, analysis of the 80 patient cohort was then performed to assess the pattern and progression of blood pressure change over time. The purpose of each interim analysis was to confirm the safety of the procedure and determine if the blood pressure lowering effect of renal denervation was sufficient to support design of future trials. There are no powered endpoints in the trial. Statistical analyses were done based on the intention-to-treat principle. For patients meeting escape criteria, the last Data are mean (SD), n (%), or median (Q1-Q3). All comparisons of baseline drugs between renal denervation and sham control groups were non-significant. BMI=body-mass index. SBP=systolic blood pressure. DBP=diastolic blood pressure. bpm=beats per minute. ACE-I=angiotensin converting enzyme inhibitors. ARB=angiotensin-receptor blockers. *These events occurred more than 6 months before randomisation. observation was carried forward for the 6 month blood-pressure assessment. A modified intention-to-treat cohort excluded patients who met escape criteria (systolic blood pressure ≥180 mm Hg or <115 mm Hg with symptoms). A per-protocol analysis was also performed which excluded patients meeting escape criteria, were non-adherent with their baseline antihypertensive regimen and who had at least one non-standardised blood pressure assessment. Analysis of Covariance was employed to adjust for baseline blood pressure mea surements. For specific daytime and night-time blood pressure measurements, daytime was defined as 07:00 to 21:59, and night-time defined as 22:00 to 06:59. Individual sleep and wake times were used to compare hourly blood pressure measurements between patients where time zero was specified as wake time for patients who self-reported wake times. If a patient did not report a wake time, they were assigned a waking time of 07:00. Continuous variables are presented as means and standard deviations. Between group differences and blood pressure differences from baseline to the 3 month and 6 month follow-up assessment were tested using unpaired and paired t tests, respectively. Counts and percentages are presented per treatment group for categorical variables; values were tested using the exact test for binary variables and the chi-square test for multilevel categorical variables.
A blinding index was calculated from the completed blinding assessment forms at hospital discharge and at three and 6 months to verify the effectiveness of blinding. 10 This trial is registered with ClinicalTrials.gov, number NCT02439775, and follow-up is ongoing.
Role of the funding source
The executive committee designed the protocol and identified clinical sites in collaboration with the funder. The funder was responsible for collection, monitoring, and analysis of the data. The manuscript was written by the lead author with contributions from the executive committee and co-authors. The funder assisted in figure and table generation, copy editing, and formatting. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
Between July 22, 2015, and June 14, 2017, 467 patients were screened and enrolled. This analysis presents results for the first 80 patients randomly assigned to renal denervation (n=38) and sham control (n=42; figure 1 ). Baseline clinical characteristics were similar between groups, except there were more patients with obstructive sleep apnoea in the sham control group (table 1) . Mean baseline office and 24 h systolic blood pressure, diastolic blood pressure, and heart rate were similar between groups. There was no difference in the number of prescribed antihypertensive drug classes at baseline between groups (2·2 [SD 0·9] for renal denervation group and 2·3 [0·8] for sham control group; table 1). The proportion of patients in each treatment group prescribed three classes of antihypertensive drugs was also similar (20 [53%] in the renal denervation group and 22 [52%] in the sham-control group). Calcium channel blockers were prescribed in 71% of the renal denervation group and 74% of the sham control group, ACE-I/ARB for 82% and 83% and diuretics for 58% and 60%. Patient adherence to prescribed drugs was not consistent at different timepoints (appendix).
All patients underwent renal angiography and angiographic documentation of catheter position for the renal denervation group was required. During the procedure, a mean of 270·8 mL (SD 101·6) of contrast was used in the renal denervation group compared with 86·0 mL (50·0) in the sham control group. Details of ablations done are given in the appendix. The blinding index was 0·78 (95% CI 0·70-0·85) at discharge, 0·68 (0·57-0·79) at 3 months, and 0·64 (0·54-0·74) at 6 months, indicative of effective blinding. 18 Changes in systolic blood pressure and diastolic blood pressure from baseline to 6 months for both 24 h ambulatory and office measurements in the renal denervation and sham control groups are shown in figure 2 and table 2. The change in blood pressure was significantly greater at 6 months in the renal denervation group than the sham-control group for office systolic blood pressure, 24 h systolic blood pressure, and 24 h diastolic blood pressure. The appendix provides results for individual changes in 24 h and office blood pressure at 6 months. Figure 3 shows comparison of changes in 24 h blood pressure measurements at 3 and 6 months for renal denervation and sham control groups, where blood pressure reduction for the renal denervation group was Renal denervation Sham control greater at 6 months compared with 3 months. Data for 3 month changes in office and 24 h ambulatory blood pressure and blood pressure measurements at baseline and three and 6 months for all available patients are listed in the appendix. Figure 4 shows hourly changes in ambulatory systolic blood pressure and diastolic blood pressure for renal denervation and sham control groups at baseline and 6 months. The appendix provides data for 6 month changes in 24 h and office systolic blood pressure and diastolic blood pressure in the two treatment groups for the adherent patients and those incompletely or not adherent. All patients receiving renal denervation had a significant drop from baseline at 6 months but between group differences are not significant in the adherent patients. The sham-control response was minimal in the incomplete or non-adherent group and 24 h systolic blood pressure was significantly different between renal denervation and sham in these patients.
Comparison of 6 month changes, adjusted for baseline measures using ANCOVA, also showed significant differences, in 24 h systolic blood pressure, 24 h diastolic blood pressure, office systolic blood pressure, and office diastolic blood pressure (table 2) . Results for the modified intention-to-treat population provided similar outcomes (appendix). The small number of patients in the perprotocol population (15 renal denervation and 14 control patients) limits comparison of outcomes.
We recorded no significant differences between groups in office or 24 h heart rate at 6 months (table 2). To further explore the effect of renal denervation on heart rate and blood pressure the RPP was analysed (appendix). The hourly 24 h RPP change was lower at 6 months compared with baseline in the renal denervation patients at all timepoints. This consistent change over time was not observed in the sham-control group.
Similar to reported results for SPYRAL HTN-OFF MED, 6 we noted no procedural or safety events through 6 months follow up in SPYRAL HTN-ON MED (appendix).
Adherence to antihypertensive drugs was similar between groups at all timepoints (appendix). Antihypertensive drugs not prescribed by physicians were detected in 10-15% of patients at each timepoint. There were no significant differences in baseline laboratory values or in 6 month change in values between renal denervation and sham control groups (appendix). 
Discussion
In this trial designed to explore the safety and efficacy of catheter-based renal denervation in patients with moderate, uncontrolled hypertension on antihypertensive treatment, there were four main findings. First, in patients receiving medical treatment, renal denervation extending into branch arteries was associated with significant and clinically relevant reductions in office and ambulatory measures compared with a sham procedure. Second, the extent of blood pressure reduction with renal denervation increased over follow-up through 6 months. Third, no procedural or intermediate-term adverse safety events associated with renal denervation were recorded. And finally, non-adherence to antihypertensive drugs was common. These promising results both encourage further study with this method of renal denervation for persistent hypertension despite the prescription of medical treatment and inform the design and conduct of subsequent trials. Similar to the SPYRAL HTN OFF-MED study 6 and unlike previous investigations of renal denervation, 3−5 the ON MED trial differs considerably regarding the patient population enrolled, procedural method, and restriction to selected antihypertensive drug classes. Regarding the latter feature, antihypertensive treatment was limited to four pharmaceutical categories (ACE inhibitors or ARBs, calcium channel blockers, β blockers, and thiazide diuretics) routinely prescribed in clinical practice in part to minimize potential confounding suggested in previous studies. 4, 19 Further, enrolled patients had moderate, combined hypertension 20 (mean office systolic blood pressure 164·6 mm Hg [SD 7·1] and diastolic blood pressure 99·9 mm Hg [6·9]) requiring up to three antihypertensive agents in comparison, for example, with the SYMPLICITY HTN-3 study in which the mean office systolic blood pressure was 179·7 mm Hg (SD 16·1) with no diastolic requirement in patients prescribed an average 5·1 drugs. Also, like the SPYRAL HTN-OFF MED study, renal denervation using a multi-electrode catheter that permitted simultaneous or sequential energy delivery to the main renal arteries with extension into distal renal artery branches was done to enable more complete, circumferential ablative treatment based on an evolving understanding in renal nerve anatomy 1, 21, 22 and procedural technique. 8 Investigation of renal denervation in the setting of concurrent medical treatment for hypertension was necessary to better understand the role of device treatment in clinical indications anticipated to be common in routine patient care. Specifically, in the treatment of difficult to control hypertension, consideration of an interventional treatment can be considered after patients have been prescribed guideline-recommended drug treatment. 11,23−25 Average systolic and diastolic blood pressure reductions by 24 h ambulatory measurement were 9 and 6 mm Hg, respectively, at 6 months, with a corresponding similar magnitude of decline in office systolic and diastolic measures. Importantly, the magnitude of blood pressure decline is clinically significant, associated with lower rates of both cardio vascular events and mortality in prior studies. 26−28 Notably, the absolute reduction in 24 h ambulatory blood pressure monitoring at 3 months in this study was similar that observed in the SPYRAL HTN-OFF MED study, 6 despite greater variance in the sham control cohorts. Yet a progressive trend for the fall in blood pressure was observed across all blood pressure measures in the renal denervation cohort between three and 6 months raising the possibility that further time may be required to fully realise the benefit of renal denervation treatment associated with resetting of systemic sympathetic tone.
24 h ambulatory blood pressure monitoring showed directionally consistent findings at 3 and 6 months with progressive blood pressure decrease in the treatment group. Compared with traditional office measurement changes, variance in 24 h ambulatory blood pressure is less susceptible to measurement bias, placebo effects and day-to-day variability, and the method provides more stable and reproducible blood pressure values than office or random home measurements. 29 The ability to provide frequent, serial blood pressure readings permits dynamic assessment over time and yields prognostic relevance associated with reduced nocturnal blood pressure fall, 30 increased short-term blood pressure variability 31 and excessive morning blood pressure surge. 32 Ambulatory blood pressure is also more strongly correlated with cardiovascular risk than office measures, 33, 34 and the extent of ambulatory blood pressure reduction in the present study is consistent with that deemed clinically meaningful by expert consensus. 15, 16 As another revision to trial conduct compared with most prior renal denervation studies, inclusion of surveillance methods to objectively document protocol adherence was important to interpreting results of an interventional treatment in the presence of prescribed pharmaceuticals. Monitoring is informative given that imbalances in drug adherence between treatment groups may either over-or underestimate the treatment effect observed with the experimental treatment. Indeed, in both previous pharmaceutical and renal denervation studies for hypertension, medical adherence is largely unpredictable as it was not objectively measured. Among contemporary studies involving renal denervation, the prevalence of medical non-adherence commonly approaches 50%, with 5% to 30% of patients demonstrating complete absence of prescribed medical treatment by biochemical assay. 35 The present study confirms findings regarding the frequency of medical non-adherence in hypertension trials and also highlights the dynamic pattern and influences of patient behaviour in the context of protocol mandate and pre-existing awareness of drug surveillance. Despite documentation of a stable drug regimen for at least 2 months prior to randomisation and requirement of only 50% maximal dose, adherence with prescribed medical treatment was approximately 60% with highly variable individual patient adherence at all timepoints. If the benefit of renal denervation is proven consistent and durable in future study, a constant, always on treatment effect dis tinguishes it from pharmaceutical treatment reliant upon patient daily action and complicated by intolerances, dosing frequency or other common issues that challenge adherence. Further, the more constant reduction in sympathetic tone with renal denervation may reduce variation in blood pressure control associated with pharmaceutical trough levels, especially at early morning and evening levels. Supporting this premise, ambulatory readings show persistent blood pressure suppression at all timepoints during the 24 h period for patients treated with renal denervation. Combining blood pressure with heart rate, 24 h lowering of the RPP may also support a more consistent reduction in sympathetic activity.
Altogether, these results reaffirm the safety and efficacy of renal denervation recorded in previous trials, and also improve understanding in the context of medical treatment and with a modified procedural technique. Nevertheless, limitations exist to the present study. As an exploratory, proof-of-concept trial, the study did not prespecify a hypothesis for differences in blood pressure measurements at any particular time interval. If the analyses were prespecified, however, assuming a treatment difference of 7 mm Hg (SD 11) between renal denervation and sham control groups, and two-sided alpha level of 0·05, a sample size of 80 patients (40 per cohort) would provide 80% statistical power to reject the null hypothesis of no treatment difference between groups. Instead, the investigational plan included prospectively planned interim analyses to ascertain whether an adequate treatment effect with acceptable reduction in blood pressure variability in the control cohort could be achieved and therefore inform further study. To this purpose, a particular limitation-and challenge for future investigation-relates to the prevalence of medical non-adherence despite patient education and awareness of drug testing.
Although absence of detectable drug at a single timepoint implies more frequent non-adherence, it is not predictable for a single patient at interval assessments, and increasing recognition of this potential confounder as common among both pharmaceutical and device trials raises the question whether such assays should be imposed as common practice in hypertension trials. Partly related to this issue, the present findings are suggestive of effect in both adherent and non-adherent populations but cannot confirm the benefit of renal denervation among patients with higher drug adherence given the small sample size. Nevertheless, the prevalence of both number of drugs and adherence were similar in both groups, and crucially, as previously stated, ambulatory blood pressure measurements were obtained only following witnessed pill ingestion in all patients. For the same reasons related to size of the study population, the safety of renal denervation involving main artery and branch treatment cannot be confirmed; however, the absence of safety events through 6 months in the current study is consistent with none recorded at 3 months applying the same procedural method in the SPYRAL HTN-OFF MED trial. 6 Additionally, as in previous studies of renal denervation, there was no measure of effective renal nerve ablation; however, the numbers of ablations per patient and procedural technique were similar to those recorded in the SPYRAL HTN-OFF MED trial, which showed similar and significant reductions in 24 h blood pressure at 3 months using the same methods. In addition, the inclusion criteria in the protocol for number of required antihypertensive drugs was revised during enrollment to allow patients to be on up to three drugs, instead of exactly three, to facilitate enrollment. We did not assess sodium intake or impose any restrictions on dietary or lifestyle habits (eg, smoking), and these factors could have influenced blood pressure measurements. Finally, the results observed with this treatment and in this specific population may not be generalizable to more varied clinical populations and alternative interventional therapies for hypertension or medication classes not represented in this trial.
In conclusion, we found clinically and statistically signifi cant greater reductions in blood pressure 6 months post-renal denervation compared with the sham control group. Both main renal arteries and branches were treated with no major safety events. Although patients were aware of planned medication adherence assessments, roughly half the patients were not adherent to their prescribed antihypertensive medication regimen.
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